The role of MtCEP1, a member of the CEP (C-terminally encoded peptide) signaling peptide family, was examined in Medicago truncatula root development. MtCEP1 was expressed in root tips, vascular tissue, and young lateral organs, and was up-regulated by low nitrogen levels and, independently, by elevated CO 2 . Overexpressing MtCEP1 or applying MtCEP1 peptide to roots elicited developmental phenotypes: inhibition of lateral root formation, enhancement of nodulation, and the induction of periodic circumferential root swellings, which arose from cortical, epidermal, and pericycle cell divisions and featured an additional cortical cell layer. MtCEP peptide addition to other legume species induced similar phenotypes. The enhancement of nodulation by MtCEP1 is partially tolerant to high nitrate, which normally strongly suppresses nodulation. These nodules develop faster, are larger, and fix more nitrogen in the absence and presence of inhibiting nitrate levels. At 25 mM nitrate, nodules formed on pre-existing swelling sites induced by MtCEP1 overexpression. RNA interference-mediated silencing of several MtCEP genes revealed a negative correlation between transcript levels of MtCEP1 and MtCEP2 with the number of lateral roots. MtCEP1 peptide-dependent phenotypes were abolished or attenuated by altering or deleting key residues in its 15 amino acid domain. RNA-Seq analysis revealed that 89 and 116 genes were significantly up-and down-regulated, respectively, by MtCEP1 overexpression, including transcription factors WRKY, bZIP, ERF, and MYB, homologues of LOB29, SUPERROOT2, and BABY BOOM. Taken together, the data suggest that the MtCEP1 peptide modulates lateral root and nodule development in M. truncatula.
Introduction
Roots control many essential functions including water and nutrient uptake, the establishment of symbiotic interactions, anchorage, and the storage of reserves (LopezBucio et al., 2003) . Root system architecture results from a trade-off between main root growth and the number of side organs made, and is determined both by intrinsic developmental pathways (Peret et al., 2009) and by the interactions of roots with the environment, including the availability of nutrients (Malamy, 2005; Peret et al., 2009) . The interplay between these influences is not fully understood, but it is important to unravel how this occurs and to identify the key signal molecules involved in regulating root development so that root architecture can be improved for agricultural purposes. This is particularly important in legumes which, unlike Arabidopsis, can adapt to low nitrogen (N) or phosphorus (P) conditions not only to modulate lateral root formation (Jeudy et al., 2010) , but also to enable symbioses with nitrogen-fixing rhizobia (Carroll et al., 1985; Caetano-Anolles and Gresshoff, 1990) and mycorrhizae (Graham et al., 1981; Balzergue et al., 2011) . The developmental competency of legumes to rhizobia is conditional upon growth in low N conditions, and the mechanistic basis for this is not understood. In addition, the rhizobial-legume symbiosis is known to be universally negatively regulated by moderate levels of nitrogen (e.g. >3 mM nitrate), and this limits the utility of this symbiosis to support high yields, for example in seed legumes (Carroll et al., 1985) .
Hormonal regulation of lateral root formation in Arabidopsis is not always equivalent to that occurring in legume species. In legumes, the roles of auxin and cytokinin in lateral root formation in promoting and inhibiting lateral root formation appear similar to those in Arabidopsis; however, abscisic acid (ABA) promotes lateral root formation in legumes whereas it inhibits lateral root formation in non-legumes (Liang and Harris, 2005) . In addition, distinctive hormonal controls of nodule formation exist. First, cytokinin positively influences root nodule initiation (Gonzalez-Rizzo et al., 2006) . Secondly, although a perturbation in auxin levels appears to play a role in conditioning early nodulation events during early indeterminate nodule formation (Mathesius et al., 1998) , hypersensitivity of soybean to auxin inhibits determinate nodule development (Turner et al., 2013) . Thirdly, ABA inhibits nodule formation (Tominaga et al., 2009) , and legumes are developmentally responsive to Nod factors made by rhizobia and mycorrhizae (Maillet et al., 2011) . Legumes also differ from Arabidopsis by having an open root meristem system (Hamamoto et al., 2006) , and pericycle and inner cortical cells participate in nodule and lateral root formation in legumes with indeterminate nodules (Mathesius et al., 2000) . Therefore, the regulatory systems for root and lateral organ formation in Arabidopsis and legumes need to be assessed independently.
Apart from phytohormones, secreted regulatory peptides control many aspects of plant growth and development by acting mostly as short-range signals (Ito et al., 2006; Ohyama et al., 2009; Meng et al., 2012; Whitford et al., 2012) . The best understood regulatory peptide families affecting root development include CLE (CLAVATA3/ EMBRYO SURROUNDING REGION-related) (Ito et al., 2006; Stahl et al., 2009) and RGF (root growth factor)/CLEL (CLE-like)/Golven (hereafter called RGF) which exert positive and negative control on populations of stem cells in root and shoot apices and pluripotent cells in vascular tissues (Matsuzaki et al., 2010; Meng et al., 2012; Whitford et al., 2012; Fernandez et al., 2013) . Little is known about how CLEs and RGFs control legume development, but a functionally distinct class of nodule-specific CLEs in legumes controls the developmental competency of cells for root nodulation via an autoregulatory mechanism which can over-ride nodulation ability completely when overexpressed (Mortier et al., 2010; Reid et al., 2011; Saur et al., 2011) . Recently, one of these nodule-specific CLEs has been shown to be a long-distance root to shoot signal (Okamoto et al., 2013) which again emphasizes key differences between legumes and Arabidopsis.
In Arabidopsis, AtCEP1 overexpression or the addition of its predicted 15 amino acid product inhibits primary root and lateral root elongation. AtCEP1 was expressed in emerging lateral roots and the shoot apical meristem. Although not expressed in the root apical meristem, the constitutive expression of AtCEP1 reduced the number of meristem cells there (Ohyama et al., 2008) . The constitutive expression of AtCEP1 generated secreted 14 or 15 amino acid peptides with post-translational modifications to proline (Ohyama et al., 2008) . Thus far, nothing is known about the developmental roles of CEP peptides in legume roots. Here, the role of MtCEP1 in Medicago root development is characterized. Bioinformatic analysis shows that there are 11 CEP family members in M. truncatula. MtCEP1 transcription was assessed under different nutritional and hormonal regimes and during lateral root and nodule development, and was shown to have a different tissue expression pattern to that of AtCEP1 in Arabidopsis. An assessment was carried out of the developmental effects of (i) MtCEP1 overexpression; (ii) the direct application to roots of the predicted MtCEP1 15 amino acid mature peptides; and (iii) the addition of structural variants of this peptide. These results showed that MtCEP1 overexpression strongly inhibited lateral root formation, promoted nodule development, and induced periodic and circumferential root swellings on roots. In contrast to the overexpression of AtCEP1 in Arabidopsis, primary root elongation was unaffected. Several legume species responded to the MtCEP1 peptide in a similar manner to M. truncatula. Structural variants of the 15 amino acid peptide were either inactive or attenuated in biological activity, and this identified key residues required for biological activity. Root tip excision was used to assess a possible role for apical dominance in the MtCEP1-mediated inhibition of lateral root formation, and serial sectioning was used to examine how MtCEP1 inhibits lateral root formation. The enhancement of nodule formation was assessed under different nitrate regimes and shown to be partially tolerant to the inhibitory effect of nitrate on nodulation. RNA interference (RNAi)-mediated gene silencing was used to assess the effect of down-regulation of MtCEP expression and RNA-Seq to identify significantly up-and down-regulated genes resulting from MtCEP1 overexpression. The results point to MtCEP1 peptides differentially affecting lateral root and nodule development pathways.
Materials and methods

Plant materials and growth
Seeds of M. truncatula wild-type accession A17, Medicago sativa, Trifolium subterraneum cultivar Woogenellup, and T. repens cultivar Haifa were stratified and germinated on Fåhraeus medium plates (Holmes et al., 2008) and transferred to Petri plates or magenta jars with Fåhraeus medium. Plates each containing six seedlings were grown in a growth chamber at 20 or 25 °C with a 16 h photoperiod and a photon flux density of 100 μmol m -2 s -1 (Holmes et al., 2008) . Magenta jars with 0.4% agar were used where indicated.
Agrobacterium rhizogenes-mediated hairy root transformation, overexpression, silencing, and promoter-GUS fusions For overexpression, the MtCEP1 full-length open reading frame was amplified from M. truncatula cDNA, and cloned into pENTR D/TOPO (Invitrogen). LR recombination was done with the Gateway-compatible destination vector pK7WG2D (Karimi et al., 2002) . For promoter analysis, 2 kb of MtCEP1 upstream sequence was amplified by PCR from genomic DNA, cloned into pENTR/D TOPO, sequenced, and subsequently transferred into the pKGWFS7 destination vector (Karimi et al., 2002) though LR recombination. For RNAi-mediated gene silencing, 200-300 bp fragments of MtCEP1, 2, 5, and 11 were amplified and were joined by overlap PCR (Heckman and Pease, 2007) , and the final product was cloned into pENTR/D TOPO and confirmed by sequencing. LR recombination was performed with the binary vector pHELLSGATE8 (Helliwell and Waterhouse, 2003) or MIGS2.1 vector which includes an expression cassette with the miR173 precursor placed behind the UBQ11 constitutive promoter (Felippes et al., 2012) . miR173 target sites were included in front of each fragment. As a control, a β-glucuronidase (GUS) fragment was also introduced into the same vector. All constructs were transformed into Agrobacterium rhizogenes strain ARqua1 and grown with the appropriate antibiotics. For MIGS constructs, the helper plasmid pSOUP, which is required for replication of MIGS vector in Agrobacterium, was co-tranformed (www. pgreen.ac.uk/). Hairy root transformation was done as previously described (Saur et al., 2011) . Transgenic roots were identified by the presence of green fluorescent protein (GFP) with an Olympus SZX16 stereomicroscope equipped with a GFP filter unit (Model SZX2-FGFPA; Shinjuku-ku, Tokyo, Japan). For gene expression analysis of MtCEP1,2,5,11-silenced roots, separate primers were designed from the sequences outside regions that were used for cloning the fragments for silencing. Supplementary Table S1 available at JXB online lists all primer sequences.
Nodulation with Sinorhizobium meliloti and acetylene reduction assay
The 3-week-old transformed plants with hairy roots were first transferred to a Fåhraeus medium plate without kanamycin, with and without nitrate. After 4 d, they were inoculated with Sinorhizobium meliloti. For seedling assays, 4-day-old A17 seedlings flood inoculated with S. meliloti strains WSM1022 (Terpolilli et al., 2008) or Sm1021 were used as indicated. For the acetylene reduction assay, MtCEP1 peptide-treated (1 μM) and non-treated wild-type plants grown in Fåhraeus medium with 0, 2.5, and 5 mM nitrate were harvested at 2 weeks post-inoculation with WSM1022. The root systems of six plants were pooled, placed in 30 ml glass vessels, and sealed with suba seals (Thomas, Chicago, IL, USA) with three biological repeats per treatment. Acetylene gas was introduced to a final concentration of 10% (v/v) and samples were incubated for 4 h at 28 °C. Gas samples (0.5 ml) were extracted from the headspace using a syringe and analysed using a gas chromatograph GC8A fitted with a Poropak T column and flame ionization detector (Deaker et al., 2011) . Nitrogenase activity was calculated from peak areas of samples relative to acetylene and ethylene standards to obtain nmoles ethylene min -1 . Data were analysed using analysis of variance (ANOVA).
Exogenous application of synthetic peptides and hormones
The 15 amino acid peptides corresponding to the conserved domain of MtCEP1 were synthesized at the Biomolecular Resource Facility (ANU) and validated as described . For the hormone assays, A17 plants were grown on Fåhraeus medium for 10 d before they were transferred to the medium containing 10 -6 M of the respective phytohormones and grown for 24 h.
GUS staining and sectioning GUS activity was localized in transgenic hairy roots carrying pMtCEP1:GUS. GUS staining was observed as previously described (Saur et al., 2011) . Staining and sectioning was performed three times, each with 6-8 plants, and observed using a Nikon SMZ1500 stereomicroscope (Nikon Inc., New York, USA).
RNA extraction, cDNA synthesis, and qRT-PCR analysis RNA extraction, cDNA synthesis, and quantitative real-time reverse transcription-PCR (qRT-PCR) analysis was performed as previously described (Kusumawati et al., 2008) . Normalization was conducted by calculating the differences between the C T of the target gene and the C T of MtUBQ10 (MtGI accession no. TC161574) according to the 'delta-delta method (Pfaffl, 2001) . Three biological and three technical repeats were done for each sample.
RNA-Seq analysis
Total RNA was isolated from MtCEP1-overexpressing or vector control root samples in triplicate using the RNeasy Mini Kit (Qiagen) as previously described (Kusumawati et al., 2008) . Paired-end sequencing (100 nucleotides) was performed on the Illumina HiSeq2000. Bowtie 2 was used to align paired-end reads to the Medicago reference genome assembly version 3.5.2 (Young et al., 2011) . The default settings for paired-end alignment were used, FASTQ format highthroughput sequencing files generated from the HiSeq 2000 run were used as input, and SAM format alignment files were generated by Bowtie 2 as output (Langmead and Salzberg, 2012) . Samtools (Li et al., 2009) was used to convert the SAM files into space-efficient BAM files. The cuffdiff program, part of the Cufflinks package (Trapnell et al., 2010) , was used to analyse the expression levels of genes from the Medicago reference genome annotation version 3.5v5. Cuffdiff returns expression levels in fragments per kilobase of transcript per million mapped reads (FKPM), a value normalized to the size of the library. Cuffdiff was also used to calculate the mean FKPM values of each gene in each sample group, the statistical significance of the difference in expression levels, and to correct that statistic for multiple testing using an allowed false discovery rate (FDR) of 0.05. Gene set enrichment analysis was done as described (Subramanian et al., 2005) . Gene sets are groups of gene transcripts labelled and grouped by gene ontology annotation. Only gene sets which were significantly associated were included (P < 0.05).
Confocal microscopy
The root samples were fixed (50% methanol and 10% acetic acid) at 4 °C overnight, rinsed with water, and stained with 10 μg ml -1 propidium iodide in water at room temperature (avoiding light) until plants were visibly stained (<3 h). Then the roots were examined by multiphoton imaging using LSM 780 confocal microscopy (Carl Zeiss, Jena, Germany).
Statistical analysis
Statistically significant differences were determined either with ANOVA followed by Fisher's least significant difference analysis (on Genstat 14th Edition) or with two-tailed Student's t-test for unequal variance (on Microsoft Office Excel 2007) where appropriate.
Results
MtCEP1 expression is regulated by nitrogen levels, elevated CO 2 , and rhizobial infection
Using bioinformatics, 11 CEP genes were identified in M. truncatula ( Supplementary Fig. S1 , Supplementary Table S2 at JXB online). Each M. truncatula gene product contained one or more canonical 15 amino acid CEP domains and a high probability N-terminal signal sequence; however, minimal amino acid sequence conservation existed between CEP sequences outside these two motifs. Most of the single CEP domain-coding genes encoded predicted pre-proproteins of between 80 and 85 amino acids (e.g. MtCEP2-MtCEP6 and 11) ( Supplementary Fig. S1 ). Gene atlas expression data (Benedito et al., 2008) are available for MtCEP1 only (Mtr.7265.1.S1_at) which encodes two CEP domains (Fig. 1A) . The atlas data show that MtCEP1 is most strongly induced in roots by N starvation, which is a prerequisite for legume root susceptibility to nodulation, and MtCEP1 expression gradually decreases in developing nodules induced by S. meliloti 1021 (Fig. 1B) . A close homologue of MtCEP1 in Arabidopsis (AtCEP9: At3g50610) is one of 31 'signature genes' that specifically respond to raised field CO 2 (Li et al., 2006) .
Since N and carbon (C) status appeared to influence CEP gene expression, this was tested in M. truncatula roots. qRT-PCR analysis showed that a shift to N starvation conditions for 4 d significantly up-regulated eight MtCEP genes, including 
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MtCEP1 expression is not affected by 24 h hormone treatments at 1 μM. ABA, abscisic acid; ACC, ethylene precursor 1-aminocyclopropane1-carboxylic acid; BAP, cytokinin 6-benzylaminopurine; GA, gibberellic acid; GR24, a synthetic strigolactone; MeJA, methyljasmonate; NAA, 1-naphthalene acetic acid. n ≥6. Student's t-test. (E) Relative expression of MtCEP genes in response to high and low levels of nitrate and atmospheric CO 2 . MtCEP1, 2, 5-8, and 11 are significantly up-regulated in the roots after 14 d growth under low nitrate (0.25 mM KNO 3 ) and high CO 2 (800 ppm) compared with the roots of similar plants grown under high nitrate (5 mM KNO 3 ) and ambient CO 2 . Plants grown at 0.25 mM KNO 3 were supplemented with 4.75 mM KCl to standardize potassium levels. n ≥12. Student's t-test. (F) Effect of different N sources on the expression of MtCEP1 transcript determined by qRT-PCR. [N] , different N sources. Nitrate and ammonium were supplied as potassium nitrate and ammonium chloride, respectively. Statistically significant differences indicated by letters were determined with ANOVA, followed by Fisher's least significant difference analysis at the 95% confidence level (α=0.05). n ≥4. Plants were grown at 20 °C, except for microarray data in (A) where plants were grown at 25 °C. In all panels: *P < 0.05; **P < 0.01; ***P < 0.001. Error bars indicate the SE.
MtCEP1, between 4-and 36-fold in roots (Fig. 1C) . However, only MtCEP1 and MtCEP11 showed elevated expression in roots under low steady-state N (0.25 mM KNO 3 ) compared with high N (5 mM KNO 3 ) (Fig. 1E) . In contrast, MtCEP1, 2, 5, 6, and 8 were highly up-regulated by a combination of 800 ppm CO 2 and low N, and MtCEP1 and MtCEP2 were up-regulated by 800 ppm CO 2 even in the presence of high nitrate (5 mM KNO 3 ; Fig. 1E ). The induction of MtCEP1 by low N and by N starvation is consistent with the gene atlas data.
To complement the qRT-PCR studies, the in vivo expression of MtCEP1 in transgenic roots was determined using a GUS reporter gene (pMtCEP1:GUS) and generating composite plants (Fig. 2) . N-starved or low N-(0.25 mM) grown roots showed strong GUS staining in the root tip region and vascular tissue ( Fig. 2A) and in pre-emerged (Fig. 2C ) and emerged lateral roots (Fig. 2D) , and this was apparent after 2 h of staining in GUS substrate in several independently transformed lines (data not shown). In contrast, plants grown on 5 mM or 25 mM nitrate showed a similar but fainter GUS expression pattern (Fig. 2B) , but 24 h of staining was required to visualize this. At higher N concentrations, emerging lateral roots gave variable staining ranging from strong (~20%), to faint, to no staining (~80%; Fig. 2E ). Like young lateral roots, developmentally immature nodules stained strongly (Fig. 2F) . However, as nodules developed ( Fig. 2G and inset ) and produced leghaemoglobin, the GUS staining diminished both in the nodule and in the adjacent root vascular tissue in a very specific localized pattern (Fig. 2G, I ), but nearby lateral roots retained GUS staining (Fig. 2G) . The reduction in MtCEP1 expression as nodules developed was consistent with data in Fig. 1B . In fully developed nodules (Fig. 2H, J) , GUS staining was greatly diminished or absent, and this extended to all the surrounding vascular tissues, but, again, not to nearby lateral roots (Fig. 2H) , suggesting that MtCEP1 expression was independently regulated in nodules and lateral roots. Serial sectioning of the root tip ( Supplementary Fig. S2 at JXB online) showed that GUS staining localized in the lateral root cap, root apical meristem region ( Supplementary Fig.  S2C-E) , and the elongation zone in cells destined to become vasculature ( Supplementary Fig. S2B, C) . In mature roots, MtCEP1 was specifically expressed in the procambium and pericycle, but not in the phloem or cortical or epidermal cells ( Supplementary Fig. S2A, F ). Therefore, MtCEP1 shows an expression pattern distinct from that of AtCEP1 (Ohyama et al. 2008) .
Since MtCEP1 responded to changes in N and C levels and was progressively down-regulated after the formation of leghaemoglobin in nodules, it is likely that the gradual reduction in MtCEP1 expression in nodules may be due to the induction of N fixation which occurs around the time of leghaemoglobin formation. To examine the effect of different levels of organic and inorganic N sources on MtCEP1 expression, the relative expression of MtCEP1 was measured after exposure of plants to nitrate, ammonium, asparagine, or glutamine at two CO 2 levels (Fig. 1F ). Glutamine and asparagine are produced as a result of nitrogen fixation in indeterminate nodules (Schubert, 1986) . MtCEP1 was significantly up-regulated at low N levels at ambient CO 2 when nitrate, asparagine, or glutamine was supplied as the sole N source. In addition, high CO 2 further up-regulated MtCEP1, even at high N levels, when asparagine was supplied as the N source. However, the highest up-regulation of MtCEP1 resulted from the combination of high CO 2 and low N for all N sources (Fig. 1F) . ANOVA showed significant interactions between CO 2 levels and N levels for nitrate and asparagine, indicating that low N and high CO 2 up-regulate MtCEP1 expression independently (Fig. 1F) . Finally, MtCEP1 expression was not significantly altered by exogenously applied phytohormones (at 1 μM concentrations for 24 h; Fig. 1D ).
Ectopic expression of MtCEP1 or exogenous application of the synthetic MtCEP1 15 amino acid peptide reduces the number of emerged lateral roots
Overexpression studies and structure-activity studies using the direct application to tissues of regulatory peptides and their structural variants have provided important insights into the roles and nature of regulatory peptides in vivo (Matsuzaki et al., 2010; Meng et al., 2012; Whitford et al., 2012) . Since MtCEP1 was expressed in roots in response to N limitation, the role of MtCEP1 and its predicted regulatory peptide in root and nodule development was investigated. Composite plants expressing CaMV35S:MtCEP1 ( Supplementary Fig.  S3A at JXB online) exhibited aberrant root development. Unlike the effect of AtCEP1 overexpression in Arabidopsis, which reduced primary root growth and lateral root elongation (Ohyama et al., 2008) , the number of lateral roots formed was reduced significantly (6-fold; Fig. 3A-C) . Because mass spectrometry indicates hydroxylation of CEP peptide proline residues at positions four and eleven (Ohyama et al., 2008) , 15 amino acid peptides corresponding to the MtCEP1 domain 1 (hereafter called MtCEP1 peptide) and domain 2 ( Fig. 1A;  Supplementary Fig. S1 ) with these amino acid modifications were synthesized and their ability to induce root phenotypes was examined. Both domain 1 and 2 peptides significantly inhibited lateral root formation in wild-type plants grown in plates (Fig. 3E, G) , and the inhibition of lateral root formation was sustained for as long as 8 weeks of growth ( Supplementary Fig. S5 ). Thus, overexpression of MtCEP1 and direct exposure of roots to its putative 15 amino acid peptide products imparted very similar phenotypes. The inhibition of lateral root formation by the MtCEP1 peptide was dose dependent, peaking between 10 -6 M and 10 -7 M ( Supplementary Fig. S3B ), and was not affected by inoculation by S. meliloti (Supplementary Fig. S5 ). Other pasture legumes such as M. sativa, subterranean clover (T. subterraneum) cultivar Woogenellup, and white clover (T. repens) cultivar Haifa all showed significantly reduced lateral root numbers when 10 -6 M of the MtCEP1 domain 1 peptide was applied exogenously (Supplementary Fig. S6 ).
Because several residues in the 15 amino acid CEP domain were highly conserved ( Supplementary Fig. S1 at JXB online), peptide variants were synthesized and tested for biological activity. These included peptides which were otherwise identical to the MtCEP1 peptide but which included deletion of the highly conserved C-terminal histidine, substitution of the highly conserved glycine at position 8 (Gly8), removal of the N-terminal residue, or sequential removal of the proline hydroxyl modifications at positions 4 and 11. The result showed that inhibition of lateral root development was abolished by removing the conserved C-terminal histidine residue ( Fig. 3F, H; Supplementary Figs S3-S5) . The biological activity of the MtCEP1 peptide was also greatly attenuated by substituting the strongly conserved Gly8 with alanine ( Fig. 3F, G) , by removing the N-terminal residue, or by not hydroxylating the proline residues ( Fig. 3H ; Supplementary  Fig. S4 ).
Lateral root number is negatively correlated with transcript levels of MtCEP1 and MtCEP2
The role of MtCEP genes during lateral root development was investigated using RNAi constructs and A. rhizogenes-mediated root transformation of M. truncatula. RNAi-mediated silencing of MtCEP1 alone did not yield observable phenotypic differences (data not shown) which could be due to CEP gene redundancy. qRT-PCR analysis (Fig. 1) showed that MtCEP1, 2, 5, 6, 8, and 11 have similar expression patterns, and MtCEP1, 2, 5, and 11 had relatively higher expression levels in M. truncatula roots. Since these genes had similar expression patterns and accounted for a substantial proportion of the N limitation-induced CEP expression in roots, MtCEP1, 2, 5, and 11 were chosen for RNAi-mediated silencing using pHellsgate8 (Helliwell and Waterhouse, 2003) and microRNA (miRNA)-induced gene silencing (MIGS) (Felippes et al., 2012) . RNAi lines containing the pHellsgate8-MtCEP1,2,5,11 construct showed approximately two-fold higher increased lateral root numbers compared with the control (Fig. 4) . qRT-PCR confirmed the silencing of MtCEP genes and the analysis showed that MtCEP1 and MtCEP2 transcripts were significantly (P < 0.05) down-regulated 6-and 11-fold, respectively, when compared with the GUS control (Fig. 4D ). MtCEP5 and MtCEP11 did not show significant changes in expression levels. MIGS-based gene silencing was also used for these genes and, similar to the pHellsgate8 system, transgenic roots containing the MIGS-MtCEP1,2,5,11 construct showed a significant increase in lateral root numbers but not in nodule numbers ( Fig. 4C; Supplementary Fig. S7 at JXB online). The silencing effect of the MIGS-MtCEP1,2,5,11 construct on the MtCEP transcripts was also similar to that obtained with the pHellsgate8 system (Fig. 4E) . The enhanced root growth for these silencing lines is similar to the phenotype observed for AtCEP3 knockout in Arabidopsis (Delay et al., 2013) , which is consistent with CEPs being negative regulators of root growth.
The ectopic expression of MtCEP1 or exogenous application of synthetic peptides induces periodic circumferential cell proliferation sites
Medicago truncatula roots transformed with 35S:MtCEP1 or treated with the synthetic MtCEP1 peptide formed periodic root swellings typified by circumferential cell proliferations (CCPs) (Fig. 5) . On peptide-treated plants, CCP sites are formed from day 4 onwards after 1-day-old germinated seedlings were transferred to the MtCEP1 peptide-containing plates. The treatment of other legumes (e.g. M. sativa, subterranean clover and white clover) with the MtCEP1 peptide also induced periodic CCPs ( Supplementary Fig. S6 at JXB online), indicating that MtCEP1 biological activity has crossspecies activity. The periodicity of CCP site formation in 
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Comparison of emerged lateral root numbers and CCPs formed on the roots when different synthetic peptides were applied exogenously to M. truncatula plants in jars for 4 weeks. Lanes 2 and 7 represent the peptides shown in E and F, respectively. n ≥ 15; error bars indicate the SE. Statistically significant differences indicated by the lettering were determined with ANOVA, followed by Fisher's least significant difference analysis at the 95% confidence level (α=0.05). Peptide sequences are shown. Blue and red P equate to hydroxyproline and proline, respectively. Changes to amino acids are underlined in red. Plants were grown at 20 °C except where indicated.
M. truncatula was determined by scoring the number of CCP sites over time in several independent measurements under different conditions, and it was found to be ~24 h. The CCP sites often exhibited increased root hair density (Fig. 5B, C,  E) . Maximum CCP site generation was induced by the application of the 15 amino acid MtCEP1 peptide with its expected proline hydoxylations, whereas all MtCEP1 peptide structural variants tested imparted significantly lower, or no, CCP sites (Fig. 3H) . For example, the peptide with the C-terminal deletion of histidine did not impart any detectible phenotype and was indistinguishable from untreated wild-type plants, and this indicated that this residue was obligatory for biological activity. The timing of the appearance of the youngest CCP sites and their proximity to the root tip showed that they initiated between the root tip and the earliest formed differentiated tissues (Fig. 5C, E) . This is likely to be significant since the cells that give rise to lateral roots and root nodules occur between the root tip and the differentiated tissue. The results also show that there was congruency between the ability (or inability) of a particular peptide to inhibit lateral root formation and induce CCP site formation.
Confocal microscopy indicated that the CCP sites induced by MtCEP1 overexpression were ~40% wider than the normal root diameter ( Fig. 5G-I; Supplementary Fig. S3C at JXB online) and that the increased root girth at CCP sites was attributable to limited cortical, epidermal, and pericycle cell division and the formation of an extra cortical cell layer (Fig. 5G versus F) . The nucleus was centrally located in many CCP site cells (Fig. 5H) . Counting cells in a 200 μm 2 area at several CCP sites indicated a >2-fold increase in cortical cell number density compared with non-CCP sites (Fig. 5J) .
Serial vibratome sectioning was used to examine any potential relationship between lateral root and CCP site formation. Sectioning was conducted over several centimetres of >60 plants in areas of root that contained an average of six CCP sites. Due to their relatively large size, pre-emergent lateral roots at later stages of development are easily observable in M. truncatula using this strategy. The results showed that at the majority of CCP sites (80%), there was no evidence of observable emerging or pre-emerging lateral roots. Serial sectioning and confocal microscopy showed that the intervening root segments between the CCP sites showed normal cell patterning and root girth and also no observable lateral root formation. However, ~20% of CCP sites contained lateral organs resembling lateral roots that appeared arrested at various stages of development. Most of these organs contained small cells that resulted from multiple periclinal and anticlinal divisions, and vascular connections were not observed (Fig. 5I) irrespective of their developmental stage. When lateral roots did emerge and grew on MtCEP1 peptide-treated plants, they mostly occurred on the parts of the root more proximal to the hypocotyl, but some lateral roots were observed to emerge from CCP sites. Therefore, MtCEP1 imposed a deficiency both in lateral number and in the formation of readily observable pre-emergent lateral roots in areas of the root bearing CCP sites.
To test the possibility that CCP sites represented sites where lateral roots would have emerged, CCP sites that had already formed by MtCEP1 overexpression were marked with a black dye and then the root tip was excised (3 mm) to release apical dominance. This resulted, within 24-48 h, in lateral roots emerging from some CCP sites, but never between them. On average, ~24% of the CCP sites formed lateral roots when the root tip was cut (Fig. 5K) . Although several CCP sites generated lateral roots, lateral root number was not fully restored to that occurring on control plants (transformed with a vector control) where the root tip was also excised. Therefore, lateral root initiation and/or emergence was promoted by removal of the root tip in MtCEP1-overexpressing plants but not restored fully to wild-type levels, indicating that the MtCEP1 peptide continued to suppress lateral root formation even though apical dominance was removed. It was not possible to determine whether the lateral roots arose from a continuation of growth of the putative stunted organs or from de novo lateral root formation.
Nodulation is enhanced by ectopic expression of MtCEP1 or by peptide application
The effect of overexpressing MtCEP1 on nodule organogenesis was also scored. Although MtCEP1 clearly inhibited lateral root formation, this regulatory peptide promoted root nodule formation. The data showed a 75-310% increase in nodule numbers formed on composite plant roots overexpressing MtCEP1 compared with controls when they were infected by S. meliloti strain 1021 grown at either 20 °C or 25 °C (Fig. 6A) . There was also a significant increase in nodulation in plants inoculated with the highly effective strain WSM1022, but the magnitude of the increase was less (Fig. 6B) . WSM1022 induces nodules which develop faster and fix more N than S. meliloti strain 1021 (Terpolilli et al., 2008; Saur et al., 2011) . Continuous exposure of plants to MtRAR1 peptide followed by rhizobial inoculation also increased root nodule number.
Nodule number is strictly controlled in legumes by an autoregulatory mechanism (which prevents overnodulation) and by the N status of the root (Carroll et al., 1985) . The developmental susceptibility of legume roots is also predominantly restricted to cells occurring in the zone of elongation (Bhuvaneswari et al., 1980; Sargent et al., 1987) . Therefore, the developmental susceptibility of legumes is maximal in plants grown under low (<1 mM) N or under N starvation, and the suppressive effects of nitrate on root nodule number, development, leghaemoglobin production, and nitrogen fixation, particularly above 3 mM, are well documented. Leghaemoglobin production is also an important indicator of symbiotic capacity (Roponen, 1970; Legocki and Verma, 1980; Ott et al., 2005; Madsen et al., 2010) . Therefore, the effect of MtCEP1 on symbiotic capacity was measured by the frequency of pink (leghaemoglobin-containing) nodules forming at 5 mM and 25 mM KNO 3 . The results showed a significantly higher numbers of pink nodules on plants overexpressing MtCEP1 or exposed to 1 μM MtCEP1 peptide compared with controls ( Supplementary Fig. S8A , B at JXB online). At 5 mM and 25 mM KNO 3 , the nodule numbers formed on roots overexpressing MtCEP1 were increased significantly (e.g. 10-fold higher at 25 mM KNO 3 ; Fig. 6B) . A similar trend was observed when 1 μM MtCEP1 peptide was applied to the plants but not after the application of the MtCEP1 peptide where Gly8 was replaced with alanine ( Fig. 6D; Supplementary Fig. S3D ). Across all nitrate regimes, nodules were larger on MtCEP1 peptide-treated roots than on control plants (Fig. 6F ) or plants treated with the MtCEP1 peptide where Gly8 was replaced with alanine ( Fig. 6D) , and they developed ~2 d faster than the controls. At 3 weeks post-inoculation with S. meliloti, a clear bacteroid-containing zone was apparent in nodule sections on MtCEP1 peptide-treated plants at 0 and 5 mM nitrate, and nodules often spanned two xylem poles (Fig. 6F) . Nodules forming at 25 mM nitrate on the MtCEP1-treated plants also possessed leghaemoglobin, whereas controls did not (Fig. 6F) . The inoculation of rhizobia onto plants grown at 25 mM nitrate with pre-formed CCPs (due to overexpressing MtCEP1 or treated with MtCEP1 peptide) resulted in nodules being induced at, but not between, these CCP sites even though they occurred in the mature root zone (Fig. 6E) . The results showed that for plants exposed to elevated MtCEP1 by overexpression or ectopic application, the susceptibility to infection by S. meliloti and nodulation ability was more tolerant to nitrate, and overall nodulation development was enhanced at the different nitrate levels tested.
To confirm further the enhancement of nodulation by MtCEP1 addition, the nitrogenase activity was measured. The results showed a significant increase in the nitrogenease activity from 35% at 0 mM KNO 3 to 200% at 5 mM KNO 3 when 1 μM MtCEP1 peptides were applied (Fig. 6C) . Although nitrogenase activity reflects nodule functionality, the overall results show that MtCEP1 overexpression or peptide addition enhances all aspects of root nodule formation. The increased number of nodules formed at 25 mM nitrate and their formation at pre-formed CCP sites suggests that these sites show elevated susceptibility for root nodule formation, and this partial nitrate tolerance for nodulation imparted by MtCEP1 could have beneficial agricultural outcomes.
Identification of genes that are differentially expressed by MtCEP1 overexpression using RNA-Seq analysis
RNA-Seq analysis is being used increasingly for global gene expression profiling as it allows unbiased quantification of transcript levels with a higher sensitivity and broader genome coverage than microarrays (Mortazavi et al., 2008) . RNASeq analysis was performed on hairy roots overexpressing MtCEP1 and the vector control at 3 weeks after inoculation of A. rhizogenes to identify putative genes affected by MtCEP1 overexpression. This time point is ideal because lateral roots are well established around week 3 after hairy root transformation on control plants and the effects of MtCEP1 overexpression on lateral root development are evident. Approximately 51-79 million raw RNA-Seq reads were generated for each individual sample, and 39-59 million reads were mapped to the current M. truncatula reference genome assembly (Supplementary Table S3 at JXB online).
Using gene enrichment analysis (Subramanian et al., 2005) , 20 and six gene sets were shown to be associated negatively or positively with MtCEP1 overexpression (Benjamini-Hochberg FDR, P < 0.05; Supplementary Fig.  S9 at JXB online). One of the positively associated sets is oxygen transport due to an up-regulation of non-symbiotic leghaemoglobin. Six of the negatively associated gene sets are predominantly composed of defence response and pathogen resistance genes or genes associated with defence responses. Other negatively associated gene sets are consistent with a reduction of overall root system growth, including cell wall-modifying enzymes and lignin biosynthesis genes ( Supplementary Fig. S9 ).
Eighty-nine and 116 predicted genes were significantly up-and down-regulated (≥2-fold; Benjamini-Hochberg FDR, P < 0.01), respectively, in the MtCEP1-overexpressing roots compared with vector control roots (Supplementary  Table S4 at JXB online). The RNA-Seq confirmed the overexpression of MtCEP1 in the hairy roots; MtCEP1 transcript levels increased >600-fold and this is consistent with qRT-PCR measurements (Supplementary Fig. S3A ). In the MtCEP1-overexpressing roots, eight and seven genes that encode transcription regulators were significantly up-or down-regulated, respectively (Table 1) . A close homologue (contig_89471_1.1) of the transcription factor LOB29 was up-regulated. LOB29 regulates crown root formation in rice (Inukai et al., 2005; Liu et al., 2005) . The Arabidopsis homologue of the same gene regulates lateral root formation through mediating the cell cycle progression in response to auxin in Arabidopsis (Okushima et al., 2007; Feng et al., 2012) . A homologue (Medtr4g070640.1) of rice TIE-DYED1, which encodes a novel, phloem-expressed transmembrane protein that functions in carbohydrate partitioning (Ma et al., 2009) , was the most up-regulated gene (>30-fold). Two close homologues (Medtr5g072980.1 and Medtr5g072930.1) of SUPERROOT2 (At4g31500) were also up-regulated. Mutations in SUPERROOT2, which encodes a cytochrome P450 protein, led to a change in auxin homeostasis and, as a result, lateral roots were dramatically increased (Delarue et al., 1998) . Interestingly, the most down-regulated transcript in the MtCEP1-overexpressing roots was MtCEP8 (AC233112_1014.1; Supplementary Table S4 ) which belongs to the MtCEP family and has a similar expression pattern to MtCEP1. This may be indicative of negative feedback and this could have implications for RNAi strategies.
Discusion
MtCEP1 is regulated by nutritional status and is expressed during the development of side organs. The independent upregulation of MtCEP1 expression by high CO 2 and N starvation/limitation and the reduced expression in the presence of moderate N levels (e.g. >5 mM KNO 3 ) indicated that MtCEP1 expression responds to external low N and high CO 2 levels independently. The MtCEP1 expression patterns are also consistent with those in the Medicago gene expression atlas (Benedito et al., 2008) . MtCEP1 is expressed in the zone of elongation, which is the site of maximal developmental sensitivity to rhizobia, and also during early nodule development. MtCEP1 expression is strongly down-regulated in nodules as they progressively mature and in the adjacent root (Fig. 2G,  H ), but not in nearby lateral roots. The assimilated products of nitrogen fixation may be responsible for this MtCEP1 downregulation. This is consistent with the response of MtCEP1 levels to the different sources of organic N (Fig. 1F) .
Overexpression of MtCEP1, or the addition of its 15 amino acid predicted product, imparts a unique combination of root phenotypes on M. truncatula and other legumes (Figs 3, 5-6; Supplementary Figs S4-S6, S8 at JXB online). The deletion or alteration of key residues, or the removal of hydroxyl groups from proline residues of the 15 amino acid domain, either abolishes or diminishes the phenotypes. Down-regulating MtCEP1 and MtCEP2 using RNAi shows that these genes negatively regulate lateral root number. These results mirror the overall phenotypes resulting from AtCEP3 overexpression and gene knockout studies in Arabidopsis (Delay et al., 2013) . Although lateral root numbers are significantly increased when MtCEP1 and MtCEP2 transcripts are knocked-down, RNAi-mediated silencing of MtCEP1 (mtrnai.msi.umn.edu) did not show any observable phenotypic changes (data not shown). Therefore, some level of gene redundancy cannot be excluded. Collectively the results suggest that CEPs negatively regulate lateral root growth. In M. truncatula, the strong and persistent MtCEP1 inhibition of lateral root formation is partly dependent upon apical dominance, but, even when apical dominance is removed, MtCEP1 still inhibits lateral root formation since it does not return to control levels (Fig. 5K ). This indicates that MtCEP1 peptide may act locally. MtCEP1 overexpression or treatment of roots with MtCEP1 peptide impart greater susceptibility of Medicago to root nodulation, even at nitrate concentrations that strongly suppress nodule number, development, and function (Carroll et al., 1985; Reid et al., 2011) . At 25 mM nitrate, nodule formation occurs at pre-formed CCP sites. This suggests that under these conditions the cells at CCP sites in mature root areas are developmentally competent for nodulation. Normally, the developmental susceptibility of cells of roots to nodulation is restricted to the cells near the root tip (Bhuvaneswari et al., 1980; Desbrosses and Stougaard, 2011) , although some legumes can form nodules at the mature zone (Mathesius et al., 2000) . Therefore, the normal developmental and temporal barriers to nodule formation are partially alleviated in plants overexpressing MtCEP1 or where MtCEP1 peptides are added, and thus the enhanced nodulation ability could translate to important agronomic outcomes. The expression of MtCEP1 in the zone of elongation at low N levels may implicate this gene in conditioning legume roots to become susceptible to Nod factor signals from rhizobia. However, the silencing MtCEP1 and MtCEP2 transcripts did not decrease the nodulation levels to below those of control plants, and this suggests that the MtCEP1-dependent enhancement of nodulation is indirect or that its function is redundant.
MtCEP1 overexpression leads to up-and down-regulation of several genes with known roles in lateral root formation including close homologues of LOB29, SUPERROOT2, GLUTAMATE RECEPTOR, BABY BOOM, and FLOWERING PROMOTING FACTOR. However, whether MtCEP1 directly regulates these genes or not requires further investigation. Ohyama et al. (2008) reported that the AtCEP1 peptide controls main root growth and lateral root elongation in Arabidopsis. In contrast, in M. truncatula, MtCEP1 has no detectable effect on main root growth but it promotes CCP site formation, enhances nodulation, and inhibits emerged lateral root number, resulting in a unique combination of phenotypes. The presence of CEP coding genes in root knot nematodes is interesting in this regard (Bobay et al., 2013; Delay et al., 2013) . Further analysis is required to determine precisely MtCEP1 effects on lateral root initiation. Taken together with results from Arabidopsis (Ohyama et al, 2008; Delay et al 2013) , CEP genes are likely to be useful traits to target for manipulating root architecture.
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